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Tunable terahertz~THz!-wave generation in GaP crystal was theoretically and experimentally
investigated using collinear difference frequency mixing. The wavelength range and length of GaP
crystal for efficient difference frequency generation~DFG! were determined by calculating the
phase-matching conditions. THz waves from 0.5 to 4.5 THz were generated by collinear
phase-matched DFG using a dual-wavelength optical parametric oscillator with two KTiOPO4
crystals in the range of 930–1000 nm. A maximum THz output energy of 5.3 nJ/pulse~ eak power
of 0.66 W! at 1.9 THz was obtained when the pump energy was 1.2 mJ/pulse. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1751238#
I. INTRODUCTION
Tunable terahertz~THz! waves can be generated by dif-
ference frequency generation~DFG! in nonlinear optical
~NLO! crystals. DFG is potentially an efficient and widely
tunable THz-wave source with a suitable combination
of light sources and NLO crystals. Tunable THz
waves have been generated using many NLO crystals,
including SiO2 ~quartz!,
1 GaAs,2 ZnTe,3 LiNbO3,
4
GaP,5–7 GaSe,8 and ZnGeP2.
9 The organic crystal
4-N,N-dimethylamino-48-N8-methyl-stilbazolium tosylate
~DAST!10 is an attractive material with a large NLO effect.
Previously, continuously tunable THz waves were generated
from 0.2 to 1.5 THz using a dual-wavelength optical para-
metric oscillator ~OPO! with KTiOPO4 ~KTP! crystals.
11
DAST crystal can effectively generate of sub-THz waves
below 1 THz due to the large absorption band near 1.1 THz.
To generate frequencies above 1 THz, low-loss crystals
in the THz-wave range, such as GaP, ZnTe, or GaAs, are
useful for DFG interaction. The NLO crystal must possess a
large nonlinear coefficient at the two input optical frequen-
cies. GaP crystal is an attractive material for the NLO inter-
action between optical and THz waves due to its wide trans-
mission range for both waves. The frequency of transverse
optical phonon in GaP crystal is as high as 11 THz, so the
transparent range extends to 5 THz. In addition, we can eas-
ily obtain high-quality GaP crystals up to 2 in. in diameter.
Recently, Tanabeet al.6,7 reported tunable THz-wave
generation by noncollinear DFG using a Nd:YAG laser and a
b-BaB2O4-based OPO pumped at 355 nm. In the noncol-
linear interaction, simultaneously controlling the OPO wave-
length and the angle of the two input light waves is required
for tuning the THz frequency. The direction of the THz
waves generated changes with the THz frequency. We have
also demonstrated collinear phase-matched THz-wave gen-
eration in GaP crystal using a dual-wavelength KTP–OPO in
the range of 980–990 nm.12
This article theoretically and experimentally investigated
collinear phase-matched THz-wave generation in GaP crys-
tal. The wavelength range of the input light waves and the
length of the GaP crystal for efficient DFG were determined
by calculating the phase-matching conditions. As an input
light source, we improved a tunable OPO with two KTP
crystals producing two wavelengths in the range from 930 to
1000 nm pumped by a diode-pumped, frequency-doubled,
Q-switched Nd:YAG laser. THz waves continuously tunable
from 0.5 to 4.5 THz were obtained by angle tuning the KTP
crystals in the OPO cavity.
II. THEORETICAL CALCULATION
For efficient DFG, the wavelengths of the input optical
waves should be selected to satisfy the phase-matching con-
dition in GaP. The phase-matching condition is calculated
using the Sellmeier equation13 based on indicesn1 andn2 in
the optical region andn3 in the THz region. The collinear






















wherel1 andl2 are the pumping wavelengths andl3 is the






The output power of the THz wave produced by DFG in
GaP crystal is obtained from the well-known formula14
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whereP1 and P2 are input peak powers of the OPO,P3 is
generated THz peak power, andL is the length of the GaP
crystal.T1 , T2 , andT3 are the Fresnel transmission coeffi-
cients, given byT1,2,354n1,2,3/(n1,2,311)
2. Dk is the mo-
mentum mismatch.a1 , a2 , anda3 are the absorption coef-
ficients. Subscriptsj 51, 2, 3 correspond to the frequencies
of the OPO (v1 andv2), and of the THz wave (v3). r is the
radius of the focus spot of the OPO beam.
Figure 1 depicts the coherence lengthLc as a function of
the input wavelengthl1 , calculated using Eq.~2!. It also
shows that collinear phase matching can be achieved with
input wavelengths near 930–990 nm in order to generate
1–4 THz frequencies. For example, 2 THz (l35150mm)
can be generated with input wavelengths of 975 nm (l1) and
981.4 nm (l2).
Figure 2 shows the calculated THz-wave power as a
function of the GaP thickness at 2 THz using Eq.~3!, with
d14520 pm/V,
15 P15P2530 kW, l15975 nm, l2





The THz-wave power does not increase monotonically
with the length, but saturates above 20 mm due to the ab-
sorption of GaP in the THz-wave region. As a result of the
above calculations, the wavelength range of the input light
waves was selected from 930 to 1000 nm, and a 20 mm long
GaP crystal was used for our experiment.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To develop a dual-wavelength OPO in the range of 930–
1000 nm, two KTP crystals were used in the same cavity.
The oscillating wavelengths can be controlled independently
by angle tuning the KTP crystals. Signal waves near 900 nm
can be generated by angle tuning the KTP crystal from
u570° to 79° in theXZ plane, pumped by 532 nm, as shown
in Fig. 3. For example, the angle of the first KTP was fixed to
generate a signal wave atl15980 nm, and the second KTP
was tuned atl25980– 1000 nm, using a computer con-
trolled rotating stage.
Figure 4 schematically illustrates the experimental ar-
rangement for THz-wave generation in GaP by mixing dual
wavelengths of KTP–OPO. The OPO cavity was 150 mm
long, with two 15-mm-long KTP crystals and two flat mir-
rors with high reflectance~.99%! for the idler waves and
high transmittance~.90%! for the signal waves. The signal
wavelength of 930–1000 nm corresponded to the idler wave-
length of 1137–1243 nm. The pump source used for the OPO
was a diode-pumped, frequency-doubled,Q-switched
Nd:YAG laser, with a pulse duration of 10 ns and a 20 Hz
repetition rate. The threshold energy of the KTP–OPO was 3
mJ. An output energy of 1.2 mJ was obtained with a pump
energy of 10 mJ. Figure 5 presents typical output spectrum
of signal waves generated atl15980 nm andl25985 nm.
FIG. 1. Calculated coherence lengthLc as a function of input wavelength
l1 . FIG. 2. THz-wave power as a function of GaP length.
FIG. 3. Angle-tuning curve for KTP–OPO in theXZ plane pumped at 532
nm.
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The optical power atl2 was slightly lower than that atl1 ,
due to pump depletion. The output power and spectral band-
width of the OPO did not change throughout the tuning
range.
In this experiment, we used a semi-insulating, 20-mm-
long GaP crystal with high resistivity (.106 V cm). The in-
put waves were directed along the^110& direction of the GaP
crystal. The THz wave generated was collimated with off-
axis parabolic mirrors (f 525.4 mm) and was detected with a
pyroelectric detector using a deuterated triglycine sulfate
crystal operating at room temperature. A black polyethylene
filter was used to block the input optical waves. In order to
avoid the absorption of water vapor, the parabolic mirrors
and the detector were installed in a vacuum unit (1023 Torr).
The maximum THz output was obtained when the polariza-
tion of the incident optical waves was perpendicular to the
^100& direction of the GaP crystal. The polarization of the
THz wave generated, measured by rotating a wire-grid po-
larizer, was parallel to thê100& direction of the GaP crystal.
Figure 6 shows how THz waves continuously tunable
from 0.5 to 4.5 THz were successfully generated by angle
tuning the KTP crystals. In this experiment, the angle of the
first KTP was fixed to generate a signal wave atl15930,
940, 950, 960, 970, and 980 nm. The second KTP was tuned
from l25930 to 1000 nm. The measured peak energy of the
THz wave was 5.3 nJ/pulse at 1.9 THz (l15970 nm), and 5
nJ at 2.6 THz (l15960 nm) when the input energy was 1.2
mJ/pulse. The diameter of the OPO output beam was 1.1
mm. Since the pulse duration of the OPO was about 8 ns, the
peak power of the THz wave was estimated to be 0.66 W at
1.9 THz. The decrease in the THz wave generated above 4.5
THz is due to absorption in GaP crystal.
The THz-wave frequency that gives the peak energy of
the THz wave depends on the wavelengthl1 , due to the
phase-matching condition. The peak THz-wave energies
were obtained at 1.5 THz (l15980 nm), 1.9 THz (l1
5970 nm), 2.6 THz (l15960 nm), 3.0 THz (l1
5950 nm), 3.6 THz (l15940 nm), and 4.0 THz (l1
5930 nm). As shown in Fig. 6, the THz waves were tunable
over a relatively narrow range when the THz frequency was
tuned by varying the angle of the second KTP, while fixing
the angle of the first KTP. The full width was about 0.8 THz
at half maximum of the THz output. Widely tunable THz-
wave generation is expected to be achieved by controlling
the angles of the two KTP crystals simultaneously. The band-
width of the THz wave obtained was estimated to be about
90 GHz, which corresponds to an optical spectral bandwidth
of 0.3 nm. To generate a narrow THz wave for high-
resolution spectroscopy, the spectral bandwidth of the KTP–
OPO can be narrowed by inserting a grating element in the
cavity.
Calculating from Eq.~2! using the valuesP1581 kW
~0.65 mJ/8 ns!, P2569 kW ~0.55 mJ/8 ns!, and r
50.55 mm, we obtainedP351.6 W at 1.9 THz. Under the
same conditions, the results of the experiment wasP3
50.66 W, which was in good agreement with the calculation
after considering a 55% loss in the THz-wave collimation
system. The normalized conversion efficiencyP3 /(P1P2)
was estimated to be 1310211/W. In a previous article,7 the
conversion efficiency wasP3 /(P1P2);2310
213/W using a
noncollinear DFG with an OPO near 1064 nm. The conver-
sion efficiency obtained in this experiment was about 102
higher than the previous value. The highly efficient THz-
wave generation in our system is due to the use of the col-
linear phase-matching configuration.
FIG. 4. Schematic diagram of the experimental arrangement for THz-wave
generation in GaP crystal.
FIG. 5. Typical spectrum of the dual-wavelength OPO.
FIG. 6. THz output energy as a function of the THz frequency with a
20-mm-long GaP crystal; (l1) fixed input wavelength.
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IV. CONCLUSION
Collinear phase-matched THz-wave generation in GaP
crystal was investigated theoretically and experimentally.
Using a dual-wavelength KTP–OPO, we generated THz
waves from 0.5 to 4.5 THz by angle tuning the KTP crystal
in the OPO cavity. A maximum energy of 5.3 nJ/pulse~p ak
power of 0.66 W! was obtained at 1.9 THz when the input
energy was 1.2 mJ/pulse. The dual-wavelength KTP–OPO
presented here is a suitable light source for collinear phase-
matched THz-wave generation. Our tunable THz-wave sys-
tem, consisting of a DFG-based THz-wave source and a py-
roelectric detector, should be useful in practical THz
imaging, THz sensing, and spectroscopic applications.
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